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 ON SAND-WAVES IN TIDAL CURRENTS.?

 By VAUGHAN CORNISH, D.Sc. (Viot.), F.G.S., F.C.S., F.R.G.S., Associate
 of Owens College.

 IN continuation of my investigation of the phenomena of waves, I recommenced
 observations at Barmouth, North Wales, in December, 1899. My attention was
 soon attracted by the appearance of the sandbanks in the lower portion of the
 Mawdach estuary, which have the wavy surface shown in Fig. 1 (Plate I.). This
 photograph was taken on December 31, from an elevation of about 150 feet on the
 northern shore of the estuary looking south-east, from a position about one furlong
 above the railway bridge. The time was near low water of a fairly large tide,
 not yet the full springs, but nearer the springs than the neaps. The highest part
 of the shoal about halfway across the estuary is stated to be about 9 feet above
 low water at spring tides.which gives about 7-5 feet above the water-line in the
 photograph. Below the water-line, on the side nearest the camera, the sand,
 according to the Admiralty chart, slopes down somewhat steeply for a vertical
 distance of 22-5 feet. At the railway bridge the engineers find in the main channel
 another 35 feet of sediments overlying the rocky foundation on which they bed the

 FIG. 2.-TIDAL SAND-RIDGES, BARMOUTH, BELOW BRIDGE.

 iron cylinders. The ridges shown in the photograph are about 18 feet from crest
 to crest. Fig. 2 is a nearer view of ridges taken from the railway bridge looking
 west on January 14, 1900, at low water. The troughs between these ridges would
 only be dry at exceptional tides. The distance from ridge to ridge is about 26
 feet, and the height from trough to crest is in some cases as much as 2 feet.

 The surface of the shoal is normally in this condition, viz. in ridges ranged
 across the estuary. The appearance of the surface was quite similar six months
 later (June 13, 1900), during a second visit to Barmouth. In the interval of six
 months the sandbanks had shifted a good deal in shape and position, but there
 was no such striking change in the general appearance of the ridges.

 The ridges are not symmetrical, but have a gentle and a steeper slope, the
 latter a talus of about 310. In well-developed ridges the summit is not coincident

 * Read at the Royal Geographical Society, June 10, 1901.
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 FIG. 1. Tidal Sand Ridges at Barmouth.  FlI. 18. Interpenetrating Ridges on the Dun Sands.

 FIG. 19. Ridges on the North Goodwin, looking South

 PLATE I.
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 ON SAND-WAVES IN TIDAL CURRENTS.

 with the top of the cliff, but some distance on the weather side, which is slightly
 concave in its lower and convex in its upper portion.

 I was soon able to assure myself that these ridges were caused by the tidal
 currents, a conclusion which the observations here recorded will show to be
 inevitable. In 1891, Prof. Osborne Reynolds, F.R.S., had drawn attention to " tidal
 sand-ripples." He writes *-

 "The large tidal sand-ripples below low water in the model estuaries, with the
 flood and ebb taking the same course, constitute a feature which it is impossible to
 overlook, yet the existence of corresponding ripples had been entirely overlooked in
 actual estuaries until they were found to exist when they were looked for, having been
 first seen in the models. The reason that they were overlooked before is, no doubt,
 explained by the fact that the bottom is not visible below low-water mark in actual
 estuaries; but this is not all. In the estuaries these ripples, where found, have been
 confined to the bottoms and sides of the narrow channels between high sandbanks ...."

 I had now encountered "tidal sand-ripples " under conditions different from
 these, and more favourable to detailed examination. I accordingly decided to
 investigate them further, and to ascertain, among other things, what preserved
 them from obliteration during the recession of the tide. The localities visited in
 connection with the work, besides Barmouth (North Wales), were Grange (Lancs.);
 Findhorn, N.B.; Montrose, N.B.; Mundsley (Norfolk); the Goodwin Sands;
 Pegwell Bay (Kent); the Severn, between Gloucester and Severn tunnel; and
 Aberdovey (North Wales).

 OBSERVATIONS AT BARMOUTH (NORTH WALES).

 December 30, 1899, to January 18, 1900.

 The approximate form and extent of the shifting sands of the Mawdach estuary
 and of the foreshore are shown in Fig. 3, reproduced from the Ordnance Survey
 Map. Particulars of the tides at the entrance (Ynys y Brawd, south-east point)
 given on Admiralty Chart 1484 are: H.W.F. and C. 8h 51m; sp. rise 14 feet 4
 inches: Np. rise 10 feet 4 inches. Np. range 7 feet 4 inches.

 The Barmouth boatmen reckon that the tide flows for five hours and ebbs seven

 hours. The current seems to turn as soon as high water is reached. The maximum
 velocity in the deep channel under the railway bridge is great, and when the tide
 is running strongly there are many conspicuous eddies in the estuary. Some
 views of the tidal sand-ripples have already been given in the introductory
 paragraphs.

 The following measurements were taken on January 9 on the shoal above the
 railway bridge, shown in Fig. 1 (Plate I.), proceeding up the estuary in a line at
 right angles to the ridges. The line along which these measurements were taken
 would have been somewhat less than halfway up the picture in Fig. 1 (Plate I.)
 (beyond the first lane of water), and parallel with the bottom of the picture. The
 ridges here had their steeper face up stream-they "face" with the flood tide.
 The distance from ridge to ridge is called the wave-length (L).

 The columns of figures are arranged so as to divide the series into five portions.
 The average wave-lengths are somewhat greater in the first and last columns, which
 are near the exit and entry of the shoal. The differences between successive wave-
 lengths is least where the wave-length is least, near the centre of the shoal.

 * 'Third Report of the Committee appointed to investigate the Action of Waves
 and Currents on the Beds and Foreshores of Estuaries by Means of Working Models.'
 B.A. Report, 1891, Cardiff Meeting.

 N 2
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 ON SAND-WAVES IN TIDAL CURRENTS.

 Rowing across the main channel, I landed on the next shoal, near to and rather
 above Coes Faen, and took a second series of measurements at right angles to

 FIG. 3.-MAWDACH ESTUARY. SCALE, 1" 1 MILE

 TABLE I. (Fig. 4).

 Forty-five consecutive Wave-lengths.

 16 10 12 0-75 8 1-75 19 25 13 9-75
 12 7 19 0 14 2-5 19 11 21 3-75
 16 2 13 95 14 7-75 14 6 18 11-5
 22 1-5 20 8 16 2 17 1-5 22 1-75
 11 7-5 17 3-5 19 10 22 5'5 21 6-25
 20 7 20 8 16 95 12 8-5 23 2-5
 20. 6 14 15 16 10 14 10 11 2-5
 21 3-5 19 25 14 115 17 9-5 16 1175
 15 1-5 13 4-5 20 1-5 18 0-25 29 2

 average L, average L, average L, average L, average L,
 17' 5"'11 16' 8"25 15' 8" 94 17' 4"-75 19' 9"`75

 average difference be- av. diff., etc., av. diff., etc., av. diff., etc., av. diff., etc.,
 tween succeeding = 32-4 per cent. =17 3 per cent. =20 9 per cent =28 6 per cent
 L's = 28-9 per cent.
 of average L.

 the ridges, proceeding up stream towards the centre of the shoal until the
 ridges became irregular. The ridges are nearly parallel with those on the other

 172
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 ON SAND-WAVES IN TIDAL CURRENTS.

 sandbank, and must be caused by a motion of water almost at right angles to
 that in the main low-water channel between the sandbanks.

 TABLE II. (Fig. 5).

 Twenty-one consecutive Wave-lengths.

 20 8 18 1-5 10 5-25
 23 11-75 13 10.5 17 0
 20 10-75 15 8-25 11 7-25
 13 2-5 13 8 10 7-5
 20 3-25 17 5-0 13 10-5
 13 1-5 11 5-75 13 1
 17 11 12 5-75 i 14 8-25

 average L, average L, average ,,
 18' 6"96 15' 2"96 13' 0"-54

 average difference be- av. diff., etc., av. diff., etc.,
 tween succeeding = 20'5 per cent. = 23 per cent.
 L's = 20-7 per cent.
 of average L.

 That such figures for a single section are not inconsistent with an appearance
 as of fairly regular waves is shown by the photographs and by the diagrams. It
 is instructive to compare these average percentage differences between successive
 wave-lengths with the corresponding figures for analogous structures. On p. 23,
 Geogr. Journal, Jan. 1900, are the measurements of a series of small dunes pro-
 duced by wind in the fine loose sand of the dry Nile bed. Their Lierage wave-
 length is 30' 5"'75, and the average difference between successive wave-lengths (along
 one section) is 33-2 per cent. of the mean wave-length, which is greater than in the
 above examples of tidal sand-ridges. Nevertheless, the photograph of these small
 dunes, Fig. 21, Plate I., Geogr. Journal, Jan. 1900, shows that they present the
 appearance of a regular train of waves. This appearance probably depends more
 on the parallelism of the ridges than upon the equality of their wave-lengths,
 especially when the eye elevation is small. On p. 27, loc. cit., are the measurements
 of a series of large ripples formed by wind in the sand to leeward of a dune at
 Ismailia. The wind here had begun to get down to the compacted lower layers of
 sand, and the ripples had no longer the appearance of almost perfect regularity
 which often characterizes them where the sand is quite loose as well as dry. The
 average difference between successive wave-lengths is 42'5 per cent. of the mean
 wave-length.

 Sand-ripples formed by water-waves and left dry by the receding tide are
 often more regular than the tidal sand-ridges above low-water mark. Thus, on
 January 8, 1900, at Barmouth, I measured a series of the ripple-mark formed by
 the waves on the higher sandbanks near the southern shore of the Barmouth
 estuary in the backwater above the railway embankment, at a spot somewhat to
 the right of the middle of Fig. 1 (Plate I.), and less than one-third from the
 top. The swell was here regularized by the regular and very gentle slope of the
 shore. The measurements commence at the deeper end and proceed shoreward.
 The ridges are contour-lines on the slope.

 174
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 ON SAND-WAVES IN TIDAL CURRENTS.

 TABLE III.

 Ripple-mark, Mawdach Estuary, in Backwater above the Railway Embankment.
 Eighty-six consecutive Wave-lengths.

 Wave- Amplitude (H). L. H. L. H. L. H. L. H.
 length (L). i approx. contd. contd. contd. contd. contd. contd. contd. contd.

 cm. cm. cm c. cm. cm. cm. cm. cm. cm.
 5-5 1' 0 4-4 0'9 5-4 0-95 .*430 0-95 5-4 1' 0
 5'1 1'0 5-4 1-0 5-3 1'0 4-15 0-75 4-0 0-6
 61 1'0 5'1 1-1 4-0 0-6 4-1 0-7 2-8 0-6
 5-1 10 5-2 0-95 4-35 0-7 4'8 0-75 5'9 0-9
 5 5 0'9 5-0 1-0 5'5 0-95 6-3 0'9 5-6 1-0
 6'0 1-1 5-7 1-25 5-2 1-05 4-9 0-85 5'6 0-8
 5-6 0'95 5-85 0'9 5-4 1 1 4-1 08 5-1 0'9
 5-5 1-0 5-80 1-0 4-8 0'9 4'1 0'9 4-3 0'5
 5.0 1-0 5-25 0-8 4-85 0-75 5-4 0-95 3-25 0-5
 4-9 0)95 5-15 0-9 4-5 0-8 5-5 1-05 5'1 0.9
 5-3 1-1 5'10 0'9 6-1 0'9 5-4 1-1 4-8 0-95
 5-4 0-95 5-7 1-05 4-9 0'9 4-95 0-85 5-55 1-15
 5.0 0-95 5-2 1-05 3-8 0'9 4-5 0'9 5-6 1-0
 5-1 1-0 4-75 0-9 4-1 08 5-2 0'9 4-5 0-65
 5-1 1-0 4-9 0-75 4-5 1-05 4-9 0-85
 5.5 1'1 4-0 0-8 5-2 0-8 5'0 0-75
 5-6 105 5-45 1-0 5-4 1 0 4-8 0-9
 5'0 g 09 5-55 0-95 4-85 1 0 5-35 0-9

 average L
 Average L, 5-05 cm.; average H (approx.), 0-913 cm.; average H 5-53;

 average difference between each L and that next succeeding= 10'9 per cent. of
 average L.

 The measurements give the average wave-length with accuracy, but, owing to
 these ripple-marks not having a sharp crest, the difference between consecutive
 wave-lengths probably appears greater in the measurements than it was in reality.
 The wave-length diminishes very slowly as we proceed shorewards; the amplitude
 (H) diminishes somewhat more rapidly. The average wave-length is about 5-53
 times the average amplitude, this number increasing slightly as we near the shore, as
 does also the irregularity of wave-length. The next succeeding 110 consecutive wave-
 lengths averaged 4-98 cm. The decrease from 5-05 cm. to 4-98 cm. may be considered

 as spread over 86 + 110wave-lengths, giving a decrease of 0-014 per cent. per wave- 2

 length. [5-08 cm. = 2".]
 The measurement of the tidal sand-ridges was continued on January 11, on

 the bank below the railway bridge near the ridges shown in Fig. 2. They are
 approximately in prolongation of the line of the measurements above bridge, and
 extend nearly to the bridge. The ridges faced up stream; they were the nearest
 to the deep channel of those uncovered during the neap tide. The greatest ampli-
 tude measured was 2' 2". The measurements, as before, commence at the sea-
 ward end.

 TABLE IV. (Fig. 6).
 Eleven consecutive Wave-lengths.

 31 7 21 7-5
 21 2 34 2
 25 4 32 4
 27 3 20 8
 27 10 28 11
 25 7-5 averageL = 26 10-55

 Average difference between successive L's = 211 per cent. of average L.

 176

This content downloaded from 137.99.31.134 on Sun, 26 Jun 2016 20:49:29 UTC
All use subject to http://about.jstor.org/terms



 ON SAND-WAVES IN TIDAL CURRENTS.

 Although these large ridges faced with the flood, the little " current-mark " ripples
 under water faced with the ebb, showing that the last of the ebb is in the opposite
 direction to that in which the tidal sand-ridges face, but has not been able to
 reverse them.

 On January 16 (spring tide) the tidal sand-ridges were seen on each side of the
 narrow low-water channel between the island Ynys y Brawd and the town of
 Barmouth. On the town side these ridges were facing with the flood, on the
 island side with the ebb.

 On January 17 the first "low " (or channel-like depression) on the foreshore
 opposite the north end of the Marine Parade was seen to be in ridges of about 9'
 wave-length, obviously the same in all essentials as the tidal sand-ridges on the
 sandbanks of the estuary, which are out of reach of the heavy waves. They face
 parallel to the shore, and not in the direction in which the surf beats, which shows
 that they are essentially tide-formed, not wave-formed. The waves, however,
 must have some influence, and what this is will to some extent appear from observa-
 tions in other localities recorded in this paper.

 On the 17th, also, the "lows" on the sandspit beyond Ynys y Brawd, on either
 side of a perch, or beacon, were all in fine ridges with an estimated amplitude of
 1' 6". Six days before, at the time of smallest tides, these lows were smooth, which
 shows that it does not take many tides to create ridges of the largest size.

 OBSERVATIONS AT GRANGE-OVER-SANDS (MORECAMBE BAY, LANCS.).

 January 21 to February 4, 1900.

 The sands here are almost flat from the shore to the river channel, which has
 steep sides, and suffices to contain the river for the greater portion of the day.
 The spring tide comes up the channel as a small bore, followed by a very rapid
 current, which soon fills the channel to the brim. The waters then spread gently
 over the extensive flats of somewhat tenacious, clayey, sands. No sooner do the
 waters reach the shore than they begin to recede again, and are soon confined to
 the main channel and the tributary brooks. During fairly calm weather, such as
 we had during my visit, the sandflats show no tidal sand-ridges, although often
 covered with ripple-mark of various and beautiful patterns, which I cannot deal
 with in this paper. They show perfect interpenetration of the sand-ridges, simul-
 taneously formed by crossing water-waves. This character of interpenetration is
 not exhibited to anything like the same extent by the tidal sand-ridges, although it
 is not entirely absent, as will be seen, e.g., by referring forward to Fig. 18 (Plate I.).

 OBSERVATIONS AT FINDHORN, N.B.

 February 26 to March 1, 1900.

 During the visit to Findhorn the tides were increasing, the smallest (neap) tide
 having occurred on February 14, and the greatest (spring) tide being due on
 March 3. As at Barmouth, so here, there is an extensive tidal basin, which has
 to empty itself by a narrow channel, through which the tide runs with considerable
 violence (Fig. 7).

 The point of the central shoal is in tidal sand-ridges of about the same wave-
 length as those at Barmouth. They were only uncovered at a low stage of tide.
 The parts of the shoal further from the sea are uncovered at an earlier stage.
 Ridges were also noticed on the west side of the channel opposite the village, and
 others less permanent in character were seen on the sandspit, dry at low water,
 which prolongs the promontory on which Findhorn is situated. On this sandspit,

 177
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 ON SAND-WAVES IN TIDAL CURRENTS.

 which is exposed both to currents and waves, I noticed on the 26th isolated pools of
 water left by the partial obliteration of the sand-ridges. Their cross-section is that
 of fuljes,* to which they are obviously analogous, a point to which I return later
 (see p. 182). On the 27th, with a rough sea, the pools were all that was left in other
 places where, on the 26th, with calm sea, there had been regular ridge and furrow.
 The shortest tidal sand-ridges had a wave-length of 3' 6", the average of thirty-

 FIG. 7.-FINDHORN BAY. SCALE, 1" = 1 MILE.

 seven consecutive waves. They faced north-north-west, i.e. with the ebbing tide.
 The wind was north-north-east.

 OBSERVATIONS AT MONTROSE, N.B.

 March 3-17,1900.

 At Montrose, again, there is a broad tidal basin filled and emptied through a
 narrow channel, which circumstance induced me to visit the place in search of

 * See the author, "On the Formation of Sand-dunes," Geographical Journal, March,
 1897; and "On Desert Sand-dunes bordering the Nile Delta," Geographical Jotr-nal,
 January, 1900.

 178
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 ON SAND-WAVES IN TIDAL CURRENTS.

 tidal sand-ridges. The tidal conditions are well described in the North Sea Pilot,
 Part ii., 5th edit., 1895, as follows:-

 "The great difficulty in Montrose harbour is the strength of the stream, which at
 times runs at the rate of 6 miles per hour. The time of slackest water in the channel
 is from just before low water to quarter flood, or perhaps a little later, when the slake
 is fairly empty. The young flood then setting in, having only to fill the channels in
 the mud of the slake, is moderate in force. Directly, however, the level of the water

 FIG. 8.-MONTROSE BASIN. SCALE, 1" = 1 MILE.

 rises to the general height of the mud in the slake, the stream rushes in with furious
 velocity. There is little or no slack in the stream at high water, and the ebb runs out
 with strength to low water. ... After passing the inner lighthouse the strength of the
 flood is confined to the south shore, and that of the ebb to the north shore of the
 harbour. The first of the ebb sets across the Annat sand " (Fig. 8).

 Mussels are largely cultivated on the sandbanks of the slake, or tidal basin, to a
 great extent fixing them, but on the north side of the main channel the sands are
 being added to by the formation of a new bank on the inner side of the curved low-
 water channel. This bank is composed of clean sand and shells, free from mussels
 or weed, and presents a striking appearance from the regularity and large size of
 the ridges with which it is completely covered. They all face eastward, i.e. with

 179
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 ON SAND-WAVES IN TIDAL CURRENTS.

 the ebb. The shoal itself rises very gently from the west, and terminates in a steep
 slope at the swatch-way on the east. Thus there is conformity between the longi-
 tudinal section of the ridges and a parallel section through the shoal itself. The
 ridges are all practically parallel, and they do not face in conformity with the
 curve of the low-water channel (which is that of the convex low-water margin of
 the shoal on its southern side), the direction of their facing indicating a bottom
 current forced towards the centre of the curve, as described by the late Professor
 James Thomson in his paper upon the " Winding of Rivers in Alluvial Plains."

 On this bank, near the main channel, I measured on March 6 a series of ridges
 (Table V.), of which the first and last are at low-water mark, and north-westerly
 of this I measured another section (Table VI.), which was found to be almost
 exactly parallel with the former, and of which the last ridge was about 200 feet
 north of the first ridge of series V., and almost in continuation of it. The series
 VI. has a lesser depth of water over it than series V., and is further from the main
 channel. The last ridge of VI. is not far from the swatch-way dividing this sand-
 bank from the mussel-bank. The measurements go down-stream, in the direction
 towards which the ridges face.

 TABLE V. (Fig. 9).

 Wave-length (L). Amplitude (H), approx.

 27 0 1 4
 24 11 1 4
 13 7 1 0'5
 17 10 1 1
 13 1 0 11
 14 10 1 1
 18 11 1 3
 15 3 1 2-5
 18 11 0 9'5
 25 11 1 5

 av. L = 19' 0"`3 av. H= 1 1'"75
 (approx.)

 av. L
 av.H = 16'6 (approx.) av. J - .

 av. difference between succeeding
 L's = 24-9 per cent. of av. L.

 TABLE VI. (Fig. 10).

 Wave-length (L). Amplitude (H),
 approx.

 18 8 1 1
 17 10 1
 12 0 0 11
 14 9 0 10-5
 14 8 1 1
 11 0 1 0
 14 3 0 10
 12 0 0 10'5
 12 3 0 11-5
 12 1 1 1-5
 18 6 1 6
 15 11 0 9'5
 10 11 0 10
 13 2 0 8
 19 0 1 2

 av. L = 13' 2"4 av. H = 11"83
 (approx.)

 av L = 13-39 (approx.)
 av. H

 av. difference between succeeding
 L's = 22-3 per cent. of av. L.

 The first and last ridge of the V. series were marked by stakes. On the
 following day, March 7, the first ridge of the series had moved forward (i.e. to
 the east, in the direction in which the ridges faced) 30"'5, and the last ridge of
 the series had moved forward 31". Of the VI. series one ridge marked by a stake
 had in the same time moved 24" to the east. On the next following day, March 8,
 three stake-marked ridges of the VI. series had moved 25", 25"'5, and 27" 5
 respectively. During the three days March 6-8 inclusive, with a diminishing
 range of tide, the average amplitude of the ridges of V. series decreased appreciably,
 but the wave-length remained practically constant.

 On March 12, with a strong westerly gale blowing, the ridges were much more
 sinuous, and many pools of water remained at low tide owing to dams across the

 180
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 May 26th

 FIG. 11.-MONTROSE BASIN. POSITION OF WAVE-FRONTS, MARCH 8--MAY 26.
 SCALE 1" = 32'.

 troughs where sand had been washed in from the ridges. Fig. 11 is a plan of the
 wave-front nearest to the cross-row of stakes, which I put to connect the beginning
 of series V. (south) and the end of series VI. (north). The measurements were
 continued for me after March 12 by Captain John Inglis of Montrose. No record
 was kept of the number of ridges which passed the line. The diagram shows the
 constancy of the orientation of the ridges nearest the cross row of stakes during an
 interval of eleven weeks.

 On March 7 I examined the bank to the north of the rippled shoal. A great
 part of it is covered with mussels or with weed. The surface is very uneven, and
 the vertical inequality is about the same as on the rippled shoal, without, however,
 any regularity of form or arrangement.

 On March 13, on the foreshore north of the harbour entrance, I noticed tidal
 sand-ridges in a "low" along which the tide was ebbing strongly. From the
 conformation of the sands it seemed unlikely that the flood tide could run strongly
 up this low in the opposite direction, and it seemed probable, therefore, that these
 ridges were being formed without the co-operation of a return current.

 On March 17, spring tide and a good deal of wind, the receding tide partially
 obliterated the tidal sand-ridges on the foreshore, leaving pools analogous to fuljes,
 of which Fig. 12 shows characteristic examples. Those shown in the photograph are
 about 15 feet from right to left. The steep face is on the right. The chain of four
 pools has been formed in a single long trough to the left of the former ridge. This
 supports my idea that in the deserts a lateral (as well as the longitudinal) connec-
 tion may be traced between neighbouring fuljes (see Plate I.).
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 OBSERVATIONS AT MUNDSLEY, NORFOLK.

 April 14-17, 1900.

 I decided to visit the north coast of Norffolk in order to see the effect of the sea

 in producing tidal sand-ridges where there is no neighbouring estuary or tidal river,
 and where, owing to the general trend of the coast-line, the tidal currents may be
 expected to be strong and to run parallel with the shore. I selected Mundsley, east
 of Cromer, on the suggestion of Mr. Clement Reid, F.R.S. On April 15 and
 morning of 16th, with the wind off shore, the sands exposed at low tide were
 mostly smooth, only in the low between the beach and the "ball" were there
 well-preserved tidal sand-ridges. The wave-length (L) was 4' 10", average of thir-

 L
 teen consecutive waves, and the ratio L was approximately 16*7. The crests of H

 these ridges were at right angles to the shore, whereas if they were wave-formed
 they would be nearly parallel to the shore. Probably, however, wave-disturbance
 under suitable conditions induces the formation of tidal sand-ridges in places where
 the tides alone would not be strong enough, for the jerk of the waves throws sand
 into suspension.

 On the " ball" the much-blurred traces of tidal sand-ridges were measured on
 the morning of April 16, and had a wave-length of about 4'. In the afternoon
 of the same day the wind changed, and blew along shore from the direction of
 Cromer with moderate force, and breakers apparently 3 to 4 feet high came in at
 high tide. In the morning of April 17 the ball was all in conspicuous but irregular
 tidal sand-ridges facing eastwards (Fig. 13).

 The average wave-length of six ridges on the ball was about 19 feet, but
 appearances suggested that some of the smaller ridges had been obliterated.

 FIG. 13.-THE "BALL " AT MUNDSLEY, NORFOLK.
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 FIG. 14.-A " LOW" AT MUNDSLEY, NORFOLK.

 In the low the average wave-length of nine consecutive ripples was about
 11' 6" (Fig. 14). There has been no increase in the calculated tides since the
 15th, and the greatly increased dimensions of the ripples must therefore be attributed
 to the action of the wind upon the water.

 OBSERVATIONS ON THE SEVERN SHOALS,

 April 26 to April 30, 1900.

 The first place selected for observations was Severn Bridge, a little above
 Sharpness, the entrance to the Berkeley and Gloucester canal. Above this the
 river has a steep gradient to beyond Newnham, and is much encumbered by sand-
 banks. Ordinary spring tides at Sharpness rise 27 feet, and neaps 15 feet.* The
 general character of the spring tides between Severn Bridge and Newnham is as
 follows. The flood commences with almost absolute suddenness, as a violent rush
 of water, which however, at Severn Bridge itself, does not usually assume the form
 of a bore. The whole rise of level is accomplished in a remarkably short time; the
 current, however, does not turn when subsidence begins, but continues to flow
 up stream gently and quietly. When the seaward current commences, therefore,
 the water is no longer deep over the sandbanks. Just above Severn Bridge is a
 broad sandbank marked "Waveridge sand" on the Ordnance Survey Map, but
 locally known as " Waifridge." During my visit this sand was practically smooth
 (though showing current-mark), except at the tip near the bridge, where there were
 some tidal sand-ridges facing with the ebb. There is comparatively quiet water
 here before they are uncovered. The sandbanks between here and Newnham are
 all (as far as I have seen them) similar in character.

 The main channel of the ebb is close to the western shore, from which the

 * 'Sailing Directions for the West Coast of England,' 4th edit., 1891.
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 currents can be readily observed. The rush of the flood over the "Waifridge" is
 best seen from the commanding elevation of the bridge, 100 feet above low-water
 mark. I watched this on April 27, two days before the highest of this set of
 spring tides. The rush of water under the bridge is terrific. I was told by the
 custodian of the bridge that 10 knots has been actually measured there, and that
 at exceptional spring tides the speed must be greater. The flood does not force its
 way up the main low-water channel, but swings out to the east, works up a swatch-
 way on that side of the point of the "Waifridge," and subsequently sets strongly
 across the sands towards the main channel and the western shore. As the water

 rushed over the sands, the spurting of the imprisoned air presented quite a remark-
 able appearance. Such a rush of water over nearly dry sands is incompatible with
 the formation or preservation of large ridges. The sand would slide in bulk from
 crest to trough.

 On the following morning (April 28) at 8.45 a.m. the tide was ebbing gently
 and quietly over the Waifridge, but at 9.15 a.m. was rushing over it in waves and
 with the sound of surf. This, and perhaps the existence of cross-currents, explains
 why the ebb does not leave the sands in ridges. Leaving Severn Bridge by boat
 at 10 a.m., I dropped down with the tide past many sandbanks, which, as far as
 could be seen from the boat, were mostly smooth, until I reached at 12.10 p.m.
 the Dun Sands below the junction of the Wye and Severn (Fig. 15). I had been

 FIG. 15.-THE DUN SANDS. SCALE, " = 1 MILE.

 No. II.-AUGUST, 1901.]  0
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 informed at Severn Bridge that this shoal, unlike most of the other sandbanks, was
 normally in ridges. I found it to be so on this occasion, and was struck by the

 FIG. 16.-RIDGES ON THE DUN SANDS, RIVER SEVERN, LOOKING EAST.

 total contrast between its appearance and that of the other shoals I had seen in the
 Severn. Fig. 16 is a view looking east from the highest point of the sands, which

 TABLE VII. (Fig. 17).
 Fifteen consecutive Waves.

 VWave-lengtb. Approximate amplitude.

 38 11 2 05
 54 0 1 4
 38 0 1 6'5
 45 7 2 075
 46 7 1 11
 29 7 1 8
 37 5-5 1 2
 52 0 2 9
 32 10 2 6-5
 44 8 1 7-5
 36 0 1 9
 35 2 1 2-5
 22 4-5 2 9-5
 23 0 1 2-5
 29 5-5 2 1

 average L = 37' 8"`5 average H=1' 11"`22
 Average difference of succeeding L's - 26'4 per cent.

 of the average L.
 average L
 average L = 19'49 (approx.) average H
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 is south-west of the narrow portion, and not far from the western side. The man's
 figure is distant about 25 yards from the camera. The preceding measurements
 give the dimensions of the largest ridges, proceeding from east to west (approxi-
 mately), the ridges facing this way towards "the Shoots," or narrow low-water
 channel between two rocky shoals which are shown on the map. There is a gradual
 rise of level as we proceed along this group of ridges, terminating in a steep slope
 down nearly to low-water mark, the gentle slope and steep slope of the shoal corre-
 sponding with those of the ripples, as noted at Montrose.

 These ridges had undulating crests and somewhat sinuous wave-fronts. Many
 pools are formed in the troughs, and in these, my boatman told me, salmon are
 often impounded between tides. The photograph (Fig. 18, Plate I.) was taken
 at the narrow portion of the shoal where the sands are lower than those to the north-
 east or to the south-west. Here, my boatman informed me, the ebbing tide runs
 across the shoal after the south-west portion uncovers. Evidence of this cross-current
 is given by the existence of two sets of tidal sand-ridges interpenetrating nearly at
 right angles, as shown on the photograph. A ridge of one set starts near the right-
 hand bottom corner, and can be traced to a point more than halfway up and more than
 halfway across the picture, a distance which comprises four wave-lengths of the
 second set of ridges, which face the camera. This wave-characteristic of interpenetra-
 tion is not often seen in tidal sand-ridges, whereas it is common in the wave-formed
 ripple-mark of the strand. The water began to rise at the sands about 2 p.m. I
 crossed to Beachley Point and watched the rise of the tide from there. The Dun

 Sands were covered about 3.45 p.m. The rocky shoal "English Stones" lower
 down the river, which projects as a groyne from the south-eastern shore, was still
 uncovered at 4.10 p.m., but was invisible at 4.50 p.m. This rocky groyne, which
 reaches nearer high-water mark than the Dun Sands, must cause the water both to
 cover and to leave them gently, without rreventing a strong current, at all events
 on the ebb, when the water is deep over the sands, and I infer that it is by this
 combination of circumstances the tidal sand-ridges are made and maintained.
 The existence of a shoal in the position of the Dun Sands, and the shape of the
 shoal, must also be due primarily to this ledge of rock. The circumstances are
 analogous to those of a model estuary with a large groyne described by Professor
 Osborne Reynolds (pp. 16-17, Report of Committee ' On the Action of Waves and
 Currents, etc.,' British Association, 1891). In these experiments the groyne pro-
 jected from the right instead of the left bank as do the English Stones. In order
 to avoid confusion, I have ventured to alter " right" to " left," when the following
 account of what occurred in the experiments with the model estuary may be taken
 as a general description of the course of affairs at the Dun Sands :-

 "... It was the large eddy caused by the groin which caused the greatest effect.
 The water entering on the right of the estuary crossed over to the left, and returned
 along the left bank. In other words, during flood the left side of the estuary . . . was
 in back-water. This back-water also gave the ebb a start down the left bank, which
 rendered the ebb stronger on this side. The sand came down rapidly on the left side,
 and, besides, was carried over from the right to the left, and formed a bank along the
 left middle of the estuary. . . Round this bank the water circulated, carrying the sand
 with it up on the right and down on the left."

 During the full strength of the flood, the same author states, projections of the
 banks only cause a retardation of the rate, not a reversal of the direction, of the
 current, in the area of that which one terms the eddy.

 On April 29 I was at Newnham-on- Severn, where the extensive sands are mostly
 smooth. There were, however, a few tidal sand-ridges of no great regularity above
 the landing-stage in a position where there is an eddy on the ebb, and which is

 188

This content downloaded from 137.99.31.134 on Sun, 26 Jun 2016 20:49:29 UTC
All use subject to http://about.jstor.org/terms



 ON SAND-WAVES IN TIDAL CURRENTS.

 also protected from the violence of the first of the flood. In the evening I watched
 the bore discharge an oblique breaker over the sands of the eastern shore, and this
 was immediately followed by a current of great speed, slackening later on when the
 depth is greater. It continues to run up, as has been already stated, while the level
 of the water is falling. The conditions here are the opposite of those at the Dun
 Sands, but similar to those just above Severn Bridge.

 OBSERVATIONS ON THE GOODWIN SANDS.

 May 12, 1900.
 On May 12, in fine weather, with a light north-easterly breeze, I landed on

 the North Goodwin, near the north-west buoy, at 4.20 p.m. The date was half-
 way between those of neap (May 8) and spring tides (May 16), but the height
 of tide approached more nearly to that of the springs. The winds of late had been
 variable and mostly light. The following is the wind-record from May 1 to 12
 posted at Ramsgate by the harbour-master, the force being indicated by the
 numbers 0-12: 1st, V., 2; 2nd, S., 2; 3rd, S.W., 6; 4th, S.W., 5; 5th, S., 3;
 6th, E.N.E., 2; 7th, S.W., 2; 8th, N. by E., 3; 9th, W., 3; 10th, N. by W., 3;
 llth, E. by N., 3; 12th, N.E., 2. The tidal current in the Gull Stream, i.e. along
 the western shore of the North Goodwin, runs north-east from about two and a half
 hours before high water at Ramsgate for about seven hours, i.e. until four and a
 half hours after high water, and then turns and runs in the contrary direction for
 about five hours, these streams having an average rate of three knots at springs and
 two knots at neaps.*

 At the time of my visit to the Goodwins, these currents can have been
 very little influenced by the winds, but such wind as there was caused the waves
 to traverse the sands in the opposite direction to the north-east stream. I found
 most parts of the sands to be in ridges, except the sloping shore exposed to breakers
 on the north-west and north-east. In exposed positions the tidal sand-ridges were
 a good deal blurred and rounded, and in some cases only pools remained below the
 general level of a smoothed surface. In positions open to the south-west, but sheltered
 from the north-east by the higher portions of the bank, the ridges were better
 preserved (Fig. 19, Plate I.). The photograph is taken looking south: the tidal
 sand-ridges face the camera; the current mark, showing the direction of the current
 just before the sands were uncovered, faces in a south-and-east direction. Bordering
 on a shallow bay, sheltered from the north-east, but open to the south-west, I saw two

 orders of tidal sand-ridges facing the same way (viz. northerly), major ridges (of which
 three in succession measured 66', 88', and 64' 6" in wave-length, with amplitudes of
 approximately 22") and smaller ridges on their weather slopes of about 15' wave-

 length, which was the ordinary size of the tidal sand-ridges. The colour of the larger
 ridges was, I think, of a different tone from that of the smaller. Further observations

 on similar ridges were made subsequently (see p. 193). In the time at my disposal,
 I covered about a mile of the sands, and found that everywhere the tidal sand-ridges
 faced in a northerly direction, i.e. against the light wind and against the waves,
 which are not insignificant on the Goodwins even when the wind is light. It is
 evident, therefore, that these ridges are due to the tidal current, and not to waves
 -a point about which I wished to be certain, because the sand-ridges on the
 Goodwins have been cited by more than one aulthor as an example of the supposed
 maximum dimension of wave-formed ripple-mark. These citations originate from
 the following passage in a little work on lifeboat-work on the Goodwins t:-

 * Vide King's ' Pilots' Handbook for the English Channel,' 12th edit., p. 143.
 t ' Storm Warriors,' by the Rev. John Gilmore, M.A., pp. 108, 109.
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 "On the Goodwins, where the force of the sea is in every way multiplied, and the
 waves break and the tide rushes with tenfold power, the little sand-ripples of the
 smoother shore become ridges of two or three feet high. It is on these ridges that
 the lifeboat so continually grounds."

 I infer from my observations that it is the ridges facing with the current, not the
 wave-formed ripple-mark, which have a reputed height of 2 or 3 feet.

 We have next to consider why the exposed tidal sand-ridges at the time of my
 visit were facing with the flowing tide and not with the succeeding ebb, though
 the wind favoured the latter. Observation from Ramsgate on May 11, 12, and 13,
 showed that the higher (north-east) portions of the north Goodwin were covered
 and uncovered about 3- hours before and after high water. As the south-west-going

 current (unless influenced by wind) does not commence until 4- hours after high
 water, it follows that during this current the sands are partly bare, and that those
 which are under water are sheltered by the uncovered part on the north-east, and
 are presumably in a back-water or "eddy tide." The whole of the sands, on the
 contrary (except the short and comparatively steep slope on the north-east of the
 summit), are fully exposed to the north-east-going flood current, and therefore face
 this way. Here, again, the gentle and steep faces of the tidal sand-ridges correspond
 with the gentle and steep slopes of the shoal itself. Probably a strong northerly
 wind would reverse the ridges for a time.

 OBSERVATIONS IN PEGWELL BAY.

 May 14, 1900.

 On May 13, the wind blew with a force 4 of the scale 0-12 from north-east
 by east, increasing in the night, and on the morning of the 14th, to force 6 from
 east-north-east. In the afternoon I visited Pegwell Bay. There had been a strong
 current setting into the bay in the morning, and the flats of sticky sand, exposed
 at low water, were covered with tidal sand-ridges of about 8' wave-length and 3"
 amplitude. These, however,'were so irregular that they might not be recognized for
 what they are by an unaccustomed eye. In calm weather, I am informed, these
 sands are smooth except for the ordinary small ripple-mark. This observation
 shows that the " tidal" sand-ridges can be formed by a drift of water caused by
 the wind setting into a bay.

 OBSERVATIONS IN THE DOVEY ESTUARY, NORTH WALES.

 May 31 to June 20, 1900.

 The deep tidal channel of the river Dovey now clings for the most part to the
 northern shore of the wide valley, a long spit of sand and shingle having grown
 out from the southern side. On the south-west is the longest stretch of open sea,
 where the wind has most power over the water both in respect of creating waves
 and causing currents- (Fig. 20). As in the case of the Barmouth and Montrose
 estuaries, therefore, the spit of drifted materials has grown from the exposed side,
 and, under its shelter, the estuary has partly silted up. These estuaries may be
 called D-shaped. Down the straight stroke of the D runs the scouring ebb cur-
 rent; the silting current of the flood swings round the bow of the D. Prof. Osborne
 Reynolds has pointed out this effect of dissymmetry in the boundaries of an estuary.
 I now draw attention to the production of dissymmetry by littoral drift from the

 * The autllor on " Sea Beaches," etc., Geographical Journal, May and June, 1898.
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 side exposed to the longest stretch of sea, and to the fact that the rivers have been
 pushed to their furthest possible limit, against hills of resistent rock.

 The following is a general account of the distribution of the tidal sand-ridges
 above low-water mark in this estuary. From the high hills on the north shore
 they are spread out as a map, and they are, in fact, a most valuable map of the
 tidal currents. Generally speaking, the sandbanks have a very gentle slope and
 a fairly steep one, the latter usually on the outside of the curve of a low-water
 channel. On these steeper slopes the ridges face with the ebb, on the broader,

 FIG. 20.-DOVEY ESTUARY. SCALE, 1"' 1 MILE.

 flatter portions they face with the flood. The tendency of the flood current to take
 the shorter course across the banks, and of the strong ebb currents to follow a
 winding path, is very noticeable. The wave-fronts of the ebb-facing ridges are
 generally more sinuous than those of the flood; they suggest formation when the
 waters are running together as the banks dry out. The ebb-facing ridges seem also
 to be, as a rule, at a lower level than those which face with the flood. Symmetrical
 ridges with both faces sloping at about 12? are very rare above low-water mark;
 generally the slower reverse current appears to have no effect upon the form of the
 ridges as seen at low water, even in the case where, as I proved by observation from
 an anchored boat, the slower, in this case ebb, current followed the same path as
 the stronger, flood, current, in the reverse direction. It is to be noticed that the
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 ridges are larger than the size proper to the return current. There are, at least,
 two processes which might conceivably go on when a gentler current flows over,
 without reversing, or even turning, the top of the ridges: one is, cutting back the
 steep face; the other is, building it out. Both processes go in on snow-ripples,*
 but I cannot yet say if either occur in the case of the tidal sand-ridges.

 The most interesting views of the sands are those from the wooded hill north-
 east of Trefri (above the last letter of that word on the map). Fig. 21 is from a
 photograph taken at an elevation of about 300 feet looking south-west by south
 (see Plate II.). The small rocky promontory of Trefri is on the right. Outside
 this promontory is a shoal with strong ridges facing with the flood (easterly, to the
 lefc); nearer is a small shoal with the ridges facing westerly with the ebb. It
 app2ars, from the configuration of the banks, that this small shoal, sheltered from
 the west, whence comes the flood, is exposed to a west-flowing ebb on the outer side
 of the bend of a minor channel shown in the photograph. The rocky promon-
 tory appears to deflect the flood so as to protect the ebb-made ridges from swift
 currents flowing in the reverse direction. Fig. 22 (see Plate II.) is from a photo-
 graph taken from the top of the same hill, at an altitude of 500 feet, looking
 south-south-west across the great semicircular shoal round which sweeps the main
 channel. The most marked feature is the regular series of straight ridges facing
 with the flood, which indicate that when the sandbank is submerged, the flood

 +1 t2 +3 +4 ts +6

 I+ + + + +
 7 8 9 10 // /2

 S >X

 E

 FIG. 23.-DOVEY ESTUARY. PLAN OF TWO WAVTE-FRONTS. SCALE, 1" = 32'.

 flows swiftly and uniformly in a broad sheet of water, taking a short cut across the
 bend.

 Fig. 23 is a plan of the wave-front of a part of two of these ridges exactly
 measured by means of stakes put in at distances of 30 feet in each row, with 22
 feet between the rows. The ridges were well defined still further south, beyond
 the stakes.

 The bend which the main channel now takes is greater than is shown upon the
 map. The increase of the shoal accompanying this retreat of the main channel
 does not appear to take place by the simple process of accretion on the convex
 shore near the apex, but, as well as I could judge, by the formation of crescentic
 outliers beyond the apex of the bend-banks conforming to the shape of the shoal,
 but separated from it by shallow channels, which are afterwards filled in, so that
 the outlier becomes part of the main shoal.

 * " On Snow-ripples." Abstract of paper by the author read at Section E, British
 Association, 1900. See Report Bradford Meeting.
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 PLATE II.

 FIG. 21. Dovey Estuary, looking S.W. by S.

 FIG. 26. An "Experimental Plot," Dovey Estuary.
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 Observation of the Form of tl:e Ridges where the Sand is mixed with
 Coarser Materials.

 On one of the shoals the sand is mixed with stones and cockle-shells. Fig. 24
 (see Plate II.) is a photograph of the ridges here. The leeward portions (right
 hand) consist of sand which has been picked out from among the coarser materials,
 held floating for a time in "eddying suspension," and finally deposited on the lee of
 the ridge. The weather side of the ridges, now faced with shingle and cockle-
 shells (left hand), assumes a slope almost as steep as the talus of the lee side,
 because the coarser material does not slide so readily as the finer sand would do
 under like conditions.

 Observation of the Effect of a Supposed " Setting " of the Sand.

 South-west of the experimental plot, among ridges facing with the flood,
 were some of considerable amplitude, which differed not only by their size, but

 FIG. 25,-WAVE-FORMED RIPPLE-MARK WITH TRIPLE CRESTS, GRANGE, LANCS.

 by the tone of colour, from the ordinary ridges. They reminded me of the
 larger order of ridges noticed on the Goodwins. I marked the crest and trough
 of one of these ridges by stakes. On June 4, after two days, I found that the
 ridge had not moved, although those on the experimental plot had travelled
 freely. I thought this might be due to lateral scour on the ebb, of which there was
 some evidence. On June 12 I noted that the big ridge had not moved, but a minor
 ridge in continuation of it had moved. I also have a note that the sands here-
 abouts are not so firm now as during the smaller tides. On June 15, when the
 tides were large, I took a photograph, which appears to show the building out of a
 new ridge under the shelter of the old one. This suggests that the stationary cha-
 racter noted on June 4 was due, not to the ebb undoing the work of the flow, but
 to actual immobility of the material of which the ridge is composed. On June 20,
 tides falling off, I have a note saying, " I think it is a case of building out in the
 shelter of the old ridge, 'a double crest,' in fact, as we get with (ordinary) ripple-
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 mark." On the whole, it seems that among the tidal sand-ridges which are
 exposed at low water, a setting* of the sand sometimes occurs, and that this
 modifies the behaviour of the ridges in a marked manner. Probably the same
 occurrence accounts for the multiple crests sometimes seen in wave-formed ripple-
 mark (such as those of the preceding figure, Fig. 25). This example is from
 Grange, Lancs., where the sands, which are admixed with clay, are exposed to
 the air for many hours between tides, and have then sufficient coherence to yield
 a vertical section for measurement, and to admit of slices being removed on a
 spade for the purpose of being modelled in plaster. I propose to make further
 observations on the effect of setting upon the forms of ripple-mark and other
 sand-waves.

 Measurements on an Experimental Plot.

 On the sandbank Traeth Malgwyn, at a spot bearing south from the north end
 of Aberdovey pier, and north-east by east from the Refuge, I pegged out what I
 may term an experimental plot. Twenty stakes were driven firmly into the sand
 to a depth of about 3 feet. There were five transverse rows of stakes, 15 feet from
 row to row, and in each transverse row, parallel to the ridges, the distance from
 stake to stake was 20 feet. This gave a square plot of 60 feet side, permitting of
 the exact measurement of the position of five wave-fronts along four sections.
 Strings stretched from stake to stake at the two sides of the plot served as datum
 lines, and enabled amplitude to be taken with tolerable accuracy along two sections.
 The ridges here face south-westerly with the ebb. They are not parallel to con-
 tour-lines (as swell-formed ripple-mark of the strand usually is), but, on the
 contrary, are on a noticeable slope, so that the troughs act as channels for the
 last runnings of the ebb, which thus escape to the north, i.e. in a direction at right
 angles to that of the current which produces the ridges.

 Fig. 26 (see Plate II.) is from a photograph taken on June 17, a view looking
 south, which includes the two first of the five cross-rows of stakes. At this
 date there had been several successive spring tides of ordinary height, and the
 ridges were well developed.

 In the following table of measurements, I record for each day the depth of
 water on Old Dock Sill, Liverpool (from Jefferson's Isle of Man Almanac), for the
 tide previous to each observation. This shows the progress of tides from neaps to
 springs. The depths of water on the plot are not very far from one-half of these
 values.

 An examination of this table shows, among other things, that, here, towards
 neap tides the ridges facing with ebb are smoothed out, and that the sands here
 remain almost featureless, but that, as the tides increase, well-defined steep ridges
 appear, which grow in height, and also, apparently by elimination of certain ridges,
 in average wave-length. As the tides fall off again the height or amplitude of the
 ridges rapidly decreases, the wave-length decreasing very slowly. Thus, from
 June 2 to June 5 the amplitude diminished 42 per cent., while the wave-length
 diminished only 2 per cent. During this diminution of amplitude there was no
 appreciable change in the general level of the sand surface. It will be noticed
 that the course of affairs during increasing and diminishing tides recalls what
 happens with waves at sea, where we have a short steep sea in a rising storm,

 * Cp. Osborne Reynolds, ' Second Report of Committee on the Action of Waves
 and Currents, etc.,' p. 14, B.A. Report of Leeds Meeting, 1890; and G. H. Darwin,
 "On the Horizontal Thrust of a Mass of Sand," 2Min. Proc. Inst. C.E., vol. lxxi. (1883),
 pp. 350-378
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 TABLE VIII.

 Measurements of Experimental Plot, Dovey Estuary.

 Depths on Average Average
 Date. Old Dock Sill, Wind. amplitude wave-length

 Liverpool. (H). (L).

 ... 17' 5" (a.m.) easterly - 14' 3"-7

 3 ... ... 15 2"
 ,, 4 ... ... 14'2"
 5 ... ... 13' 6"

 ,, 6" 34 13' 10"4

 ,, 5"-33 13' 7"25
 ,, (fresh)i 3" 9 13'6"
 ,, 3"371 13' ()"6

 south-
 westerly
 south-

 westerly
 (fresh)

 ,, 8 ... ... 13' " ,, westerly
 (fresh)

 ,9 ... ... 13' 8"
 ,, 10 ... .. 14' 4" ,, -

 ,,11 ... .. 15' 5"
 ,, 12 ... ... 16' 1"

 . 16' 9"

 ... 17' 7" (p.m.)
 ... 117' 9"

 ,.. 17' 9" (a.m.)

 calm

 westerly
 (light)

 south-

 westerly
 (light)

 - 13' 5"'8

 - 13' 4"6

 (approx.)

 estd. 6" at estd. 7' 6"
 max. to 8' 6"

 )"-71 11' 9"
 9"'7 11' 2"-8 *

 Average
 L daily advance
 H of ridges.

 - ,_ I

 26'2

 30-6
 41-1
 43-8

 3' 2"1

 2' 5"75
 ' 6""6
 0' 1"4

 Remarks.

 Depth, Liverpool, on May 29, 18' 8"; May 30, 18' 5"; May
 31, 18' 3".

 Mean surface level, taking the ridge to be a rectilinear
 wedge, 4" 2 below the datum line.

 Mean surface level, 4"'3 below the datum line.
 Mean surface level, 3"`8 below the datum line.
 Mean surface level, 3"'91, i.e. no perceptible change since

 June 1. The advance of ridges had almost ceased, quite
 suddenly, as if the tide current had fallen below a
 critical velocity.

 - 2"9
 (one tide)

 - - The lee cliff has vanished; measurements for length there-
 ore difficult. The troughs show ripple-mark due to wind-
 raised waves perpendicular to the ridges, and there is
 "current mark " facing with the flood.

 - -- 'The old ridges still visible as gentle swells, but crossed
 diagonally by a " swell" from south-west, which is more
 conspicuous.

 - - No observations of the plot to-day (9th).
 - -- Did not land on plot to-day; as seen with field-glass from

 shore, ridges still irregular and ill-defined.
 - - No observations of the plot to-day.

 - - Plot all in sharp ridges from same quarter as at beginning
 of the month, but seven to eight wave-lengths in the
 60 feet, instead of four.

 - - No observations.
 - - Ditto.
 145 -- Five wave-lengths in the 60 feet.
 13-9 - H.W. lOh. 15m. a.m. At 12h. 12m. p.m. in 3' water current

 over plot 2'93 per sec. (1'74 knot), mean of 9 determina-
 tions with a float. This was the strongest tide met with
 till sands dried.

 - estd. 2' 6" The ridges are even better developed than yesterday.

 * Wave-lengths only measured along one section. A ridge intruding a little way into the plot gives the low value. This is presumably just disappearing, when the average L will

 increase per saltumn to 14' 0"-5, with H 17 4. H -

 June 1

 , 2  . . 16' 3" ,,

 ,, 6

 ,, 7

 ... 12' 10" ,

 ... 12' 10" ,

 ,. 13
 ,, 14
 , 15
 16

 ,, 17  ... 18' 3"

 I
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 196 ON SAND-WAVES IN TIDAL CURRENTS.

 and a long subsiding swell afterwards. Again, the irregularity of the wave-lengths
 in a swell tends to diminish with time: so here, when the tides were falling off,
 the difference of successive wave-lengths of the tidal sand-ridges diminished thus:

 TABLE IX.

 June 1, average difference of successive L's = 13'4 per cent. of the mean L.
 ,, 2, . . , , = 11-4 .. ..
 ,, 3, ., , ,, = 10-7
 , 4, ,,4 . , = 4-4 ,
 ,, . ,' ,, , -, 6' ,, ,

 The increase of uniformity goes on till we come to June 5, when, as has been
 noted in Table VIII., the diminishing tidal current seems suddenly to have lost
 control of the wave system. Table VIII. shows how the average daily advance
 varied from day to day; the subjoined table gives the details for each ridge:

 TABLE X.

 DETAILS OF ADVANCE OF RIDGES OF EXPERIMENTAL PLOT (see Fig. 27).

 Average daily
 June 1-2. June 2-3. June 3-4. advance for each

 ridge.

 Ridge A ... ... 45"87 34"-25 33"'62 37"-91
 ,, B... ... 39"'25 32"-37 26"'25 32"-62
 ,, C ... .. 42"-00 31""62 1 32"25 35"-29
 , D... .. 38"-75 28"-50 32"'25 33"-17
 ,, E ... .. 24"50 22"-00 28""50 25"'00

 fOr each datyt t } 38" 07 29"75 30"57 -

 From this it will be seen that the slight shortening of the average wave-length
 was due to the more rapid advance of the rear ridges, and the slower advance
 of the front ridges. The ridge E was at no great distance from the position
 where the ebb ceased to have the mastery over the flood; also the water was
 slightly shallower at E than at A. It seems natural that these circumstances
 should affect E more than A during the falling off of the tides. The orderly march
 of the sand-waves is rendered visible to the eye by the diagram (Fig. 27), which
 strikingly illustrates how the natural undulating surfaces of sand, by the regularity
 of their form and the precision of their movement, justify and reward investigation.

 THEORY OF THE ORIGIN, GROWTH, AND DECAY OF SAND-WAVES IN CURRENTS,
 AND OF THEIR RELATION TO "CURRENT MARK." *

 In the formation of a wave surface from a plane surface, there is differential
 movement of the parts of the body, accretion occurring at certain positions, and
 depletion at positions intermediate between them; or, if there be a general accretion
 or a general depletion going on, then there is an excess of the effect at certain
 positions and a deficiency of the effect at intermediate positions. It is easy to see
 in a general way that the sudden checking or quickening of a current of water will
 produce local alterations in the rate of drift of the sand over which it flows, which
 will cause inequalities of the otherwise smooth surface. Such I take to be the

 * See also a paper, by the author, in the Scottish Geographical Magazine, vol. xvii.
 (January, 1901), on the " Formation of Wave-surfaces in Sand."
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 current mark of streams which remains a mere ripple on the surface of the sand,
 whether that surface be otherwise smooth, or whether, as in the circumstances
 dealt with in this paper, it be thrown into waves which grow to large dimensions.
 I have repeatedly observed, as I suppose others have also, that all rivers, except
 perhaps the most sluggish, have a visible pulsation or pulse. In the slower
 streams, or in those which are rapid, but in which sand only rests in the

 .----.----.------- 60 FEET- --------------------->
 Ridge June

 1st

 2n.d
 A

 3rd

 4th

 Ist

 2n.d

 _3rd

 ISt
 4t'

 D 2d 3rd

 st

 4th

 2D nd

 3rd
 4th

 FIG. 27.-PLAN OF FIVE RIDGES SHOWING POSITIONS ON FOUR SUCCEEDING DAYS,
 DOVEY ESTUARY. SCALE, 1" = 16'.

 backwaters, the current mark is the characteristic sand-wave or ripple. In mid-
 current it faces down stream, but near the banks the wave-front usually extends
 diagonally across and down stream, facing somewhat towards the banks, and the
 drift of the sand may be seen in such cases to be no longer perpendicular to the
 face of the ridge, indicating that the ripple, as has been said, is not due to the steady
 action of the current.
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 The true current-formed sand-wave I find to be produced as soon as the velocity
 of the stream causes the water to be turbid with a heavy charge of sand in eddying
 suspension. The process can be watched in the shallow streams of sandy tidal
 foreshores. Their velocity varies much from point to point, and from minute to
 minute. Almost as soon as the velocity (the actual value of which, perhaps,
 depends partly on the depth) is attained at which the water becomes notably
 turbid, a train of sand-waves arises with startling suddenness, the wave-fronts
 quickly extend across the stream at right angles to the current, and the amplitude
 of the sand-wave sometimes becomes so great that the surface of the sand at its

 crest is nearly on a level with the surface of the water above its trough. The near
 neighbourhood of a free upper wave surface of the superincumbent fluid makes
 these sand-waves move up stream * (passing the observer on the bank with a
 motion readily visible), so that they differ in at least one important respect from
 the sand-waves described in this paper. But the commencement of the smaller
 sand-waves, as I have frequently observed, does not require that the water surface
 should be previously in waves. Therefore, I infer that in deep streams sand-waves
 will be similarly produced when the velocity reaches the point at which the lower
 strata of water become heavily charged with sand in eddying suspension. Now,
 the observations in this paper have shown how steady and how considerable is the
 growth in amplitude of the sand-waves formed by the action of currents in tideways
 from the time of their almost sudden creation. But, it may be objected, is not this
 the well-known current mark on the larger scale suitable to the swifter current ?

 My observations negative this: there is indeed an increase in the size of current
 mark in the swifter stream, but it is, relatively, a very small increase. The large
 tidal sand-ridges may be seen covered over with this current mark, which is now
 a relatively insignificant feature. The fact that the formation of the larger kind of
 sand-wave is not accompanied by the disappearance of " current mark " is confirma-
 tory of my opinion that the latter is due to the pulsation of the current, for as the
 current becomes swifter so does its pulse beat more strongly. I consider, then, that
 the current mark is due to pulsation both in streams of which the average speed
 is less than that required to throw the sand into eddying suspension, and in streams
 which have an average velocity greater than that value; but that the formation
 of the larger kind of sand-waves is due to another mode of action of streams, the
 velocity of which (apart from pulsation) is sufficient to maintain a considerable
 drift of sand in eddying suspension. It is incumbent to give an account of the
 principal movements of the sand-grains which must occur under these conditions,
 and to show that these movements will produce such a wave-surface. Let us
 start with Prof. Osborne Reynolds's description t of the steady drift of sand in a
 rapid current.

 " The manner in which a current of water acts on the granular material forming
 the bed of the current has been the subject of an investigation by various experi-
 menters. It has been found that the primary action is not so much to drag the grains
 aolong the bottom, but to pick them up and hold them in a kind of eddying suspension,
 at a greater or less height above the bed, for a certain distance and then drop them,
 so that when the water is drifting the sand there is a layer of water adjacent to the
 bottom of a greater or less thickness charged to a greater or less extent with sand. . . .
 A certain definite velocity, according to the size and weight of the grains, is required
 before the water will raise the grains from the bottom . . .; the effect of a uniform

 * Cp. the author on " Kumatology," Geographical Journal, June, 1899.
 t " On certain Laws relating to the Regime of Rivers and Estuaries, and on the

 Possibility of Experiments on a Small Scale." British Association, 57th Report
 (Meeting held at Manchester in 1887), p. 556.
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 current of water over a uniform bed of sand will not be to raise or lower the bed, for,
 as the charge of sand in the water remains uniform, it must drop as many particles
 as it raises everywhere on the bed. This is the action of the water in causing a
 uniform drift. It is also evident that if the charge iu the water as it comes to any
 particular place is less than the full charge due to its velocity, it will pick up from
 that place more sand than it drops, and so increase its charge at the expense of the
 bed, which will there be scoured or lowered. And conversely, if the water as it arrives
 at any place is overcharged, it will relieve itself by depositing more than it picks up,
 and so raise or silt up the bed."

 Under these conditions the drift is uniform on the whole, but it will be noticed
 that the equilibrium is of a peculiarly delicate character, for if across any section
 there be a slight excess of deposition, then in the next section, the water has not
 its full charge of sediment, the current "picks up more than it drops," and we
 have a scour. Let us consider the effect upon the drift of any small protuberance.
 Above the protuberance there is a convergence of currents from the weather side
 and lee side, and deposition therefore takes place upon the protuberance,* which is
 thereby raised. Just to leeward, the water, being deprived of a part of its charge,
 will scour, i.e. lower the bed. Thus we see that any slight inequalities of level
 will be immediately increased. The mounds so formed will extend themselves
 laterally at each end t even more quickly than they grow vertically, for there is
 the same forcing back of the bottom water "towards the centre of the curve "
 without the opposition and limitation which is imposed by gravity to vertical
 sinuosities. These actions, it is to be remembered, are described as occurring in
 a current of more than what we may term the critical velocity, in which the water
 is turbid with sand in eddying suspension, the conditions being other |than those
 under which we are accustomed to observe (through the clear water) rippling action
 going on either in streams or in shallow wave-water of the sea or lakes, in which
 the sand is only thrown into such suspension momentarily by the jerk of the wave or
 of the pulse. The importance of the case we are dealing with lies in the fact that the
 inequalities not only become systematically arranged in transverse ridge and furrow,
 regular in form and movement, but that these inequalities grow beyond the ripple
 stage to what are better described as waves. It is not merely any small inequality
 which is increased, but any inequality even of considerable size. We must, there-
 fore, specify the conditions which limit that growth. Moreover, in describing
 the various actions by which vertical inequalities are increased, one must be care-
 ful not to lose sight of the fact that such actions, although not exactly rare, are
 nevertheless the result of some exceptional combination of circumstances which over-
 comes the normal tendency of gravity to smooth out such inequalities. Therefore
 we must specify the conditions of decay as well as those of growth. One limit of
 growth must be the shallowness of the water. When the cross-section of the
 stream above the crest is reduced by a certain amount, the concentration of the
 stream there counterbalances the increase in the supply of sand, which is there-
 fore removed from the crest as quickly as it is brought there, and the height of the
 ridge no longer increases. Any diminution of depth, e.g. by falling tide, would
 then reduce the amplitude of the ridge. In a deep current the height of the
 ridges is limited by the strength of the eddy which the velocity of the current

 * Compare G. H. Darwin's observation of tlle sand-grains creeping up a ridge
 from both sides simultaneously when a current was passing over it, Proceedings Royal
 Society, vol. xxxvi. p. 22.

 t Compare James Thomson, "On the Winding of Rivers in Alluvial Plains,"
 Proceedings Royal Society, 1876 and 1877.
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 enables it to maintain. If the ridge exceeded a certain height, there would be
 dead water on the lee side, and the trough would therefore silt up, diminishing
 the amplitude. It is probable, also, that the height of the ridges is sometimes
 restricted by the velocity of the water surpassing the limit suitable to the fineness
 or lightness of the material of which they are composed.* For the development of
 steep and large sand-waves, it is presumably necessary that the velocity should
 decrease somewhat rapidly as we go downwards through the lower layers of water,
 so that there may be much differential movement and a fairly definite surface of
 separation between the watery sand and the sandy water. Again, suppose large
 and steep ridges of sand to be exposed to a torrential current, or such ridges of
 light non-coherent mud to be exposed to a fairly strong current, then the difference
 of pressure upon the weather and lee faces respectively will cause a bodily sliding
 of the ridges into the troughs. When wading among the tidal sand-ridges, one
 constantly caused such slips. A moderate range in the sizes of sand-grains helps
 to preserve a definite surface of separation, the larger sorts being there concen-
 trated.

 Prof. Osborne Reynolds t found that in his model estuaries the ripples " formed
 by the alternating action of the tide" hat a wave-length equal to twelve times
 their amplitude (L = 12EH). The tidal sand-ridges obsarvel by me at low water
 on the dry sandbanks were often in a condition of partial decay, owing in some
 cases to violence of the last runnings of the ebb, and in others to a falling off of
 the tide after springs. The greatest recorded steepness for the average of a train
 of (fifteen) wave-lengths was L/H = 13'39. How far alternation of tidal currents
 was in these cases responsible for the observed steepness is not quite clear, but I
 think that a slow return current does not necessarily act so as to increase the
 steepness of the ridges, although it may improve the regularity of the wave-fronts.
 It is to be observed in this connection that the salient angle for the direct current
 is the re-entrant of the return current, and that the return current will therefore
 check any tendency of the direct current to find a channel through the ridges. I
 have not at present made observations upon large sand-waves in deep non-tidal
 streams,: and am unable to state positively what are the steepest sand-waves there
 formed.

 Before the reading of the paper, the PRESIDENT said: We are now well ac-
 quainted with our friend who is going to read the paper to-night. I am glad to
 be the first to announce publicly that he has received the degree of Doctor from
 the Victoria University-a gratifying endorsement of our conferring upon him one
 of our awards last year in recognition of his services to Geography. The paper he
 is going to read to us to-night is entitled " Travels in Search of Waves during
 1900." I now call upon Dr. Vaughan Cornish to read his paper.

 After the reading of the paper, the following discussion took place:-
 Captain WILSON BARKER: I am afraid I cannot add much to the very interest-

 ing and beautifully illustrated paper Mr. Vaughan Cornish has given us this

 * In the interval between the writing of this paper (Oct. 1900) and its publication,
 I have made observations upon the rate of subsidence of (snow) particles as related to
 the production of silt and scour respectively.

 t 'First Report of Committee on the Action of Waves and Currents,' etc., pp. 16,
 B.A. 59th Report, Meeting of 1889.

 X Since writing this sentence I have seen, but not measured, sand-waves similar to
 those described in this paper, in the Fraser river, British Columbia, above the locality
 to which the tide extends.
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 of (fifteen) wave-lengths was L/H = 13'39. How far alternation of tidal currents
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 think that a slow return current does not necessarily act so as to increase the
 steepness of the ridges, although it may improve the regularity of the wave-fronts.
 It is to be observed in this connection that the salient angle for the direct current
 is the re-entrant of the return current, and that the return current will therefore
 check any tendency of the direct current to find a channel through the ridges. I
 have not at present made observations upon large sand-waves in deep non-tidal
 streams,: and am unable to state positively what are the steepest sand-waves there
 formed.

 Before the reading of the paper, the PRESIDENT said: We are now well ac-
 quainted with our friend who is going to read the paper to-night. I am glad to
 be the first to announce publicly that he has received the degree of Doctor from
 the Victoria University-a gratifying endorsement of our conferring upon him one
 of our awards last year in recognition of his services to Geography. The paper he
 is going to read to us to-night is entitled " Travels in Search of Waves during
 1900." I now call upon Dr. Vaughan Cornish to read his paper.

 After the reading of the paper, the following discussion took place:-
 Captain WILSON BARKER: I am afraid I cannot add much to the very interest-

 ing and beautifully illustrated paper Mr. Vaughan Cornish has given us this

 * In the interval between the writing of this paper (Oct. 1900) and its publication,
 I have made observations upon the rate of subsidence of (snow) particles as related to
 the production of silt and scour respectively.

 t 'First Report of Committee on the Action of Waves and Currents,' etc., pp. 16,
 B.A. 59th Report, Meeting of 1889.

 X Since writing this sentence I have seen, but not measured, sand-waves similar to
 those described in this paper, in the Fraser river, British Columbia, above the locality
 to which the tide extends.
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